the prevalence of hyperuricemia and chronic kidney disease (CKD) has been steadily increasing. The role of hyperuricemia and efficacy of uric acid-lowering agents against CKD progression remain controversial. This study aimed to evaluate the effect of hyperuricemia and uric acid-lowering agents on the progression of CKD. A total 2042 patients with CKD were analyzed in the KoreaN cohort Study for outcomes in patients With Chronic Kidney Disease (KNoW-CKD), a prospective cohort study. Patients were classified into quartiles on the basis of their serum uric acid level and the prevalence of advanced CKD was higher in patients with a high uric acid level. A composite renal outcome was defined as one or more of the following: initiation of dialysis or transplantation, a two-fold increase in baseline serum creatinine levels, or a 50% decline in the estimated glomerular filtration rate during the follow-up period. A Cox proportional hazard ratio model was applied to analyze the relationship between composite renal outcome and uric acid levels. the risk of progression to renal failure increased by 28% (hazard ratio [HR], 1.277; 95% confidence interval [CI], 1.212-1.345) for each 1 mg/dl increase in the baseline uric acid level. In multivariate models, an association was found between the highest quartile of uric acid and increased risk of composite renal outcome (HR, 3.590; 95% CI, 2.546-5.063). A propensity score matching analysis was performed to survey the effect of uric acid lowering agent. Both allopurinol and febuxostat did not affect the renal outcome. In conclusion, hyperuricemia appears to be an independent risk factor for composite renal outcome, but allopurinol and febuxostat did not show reno-protective effect.
a study of patients with stages 3 to 4 CKD, demonstrated that hyperuricemia appears to be an independent risk factor for all-cause and cardiovascular mortality, but not kidney failure. Distinguishing the exact effect of serum uric acid levels on CKD progression is of great importance. If uric acid is an independent risk factor associated with CKD, it will be a modifiable risk factor that can be relatively easily corrected. Therefore, this study aimed to determine the correlation between serum uric acid levels and CKD progression and to identify the role of uric acid-lowering agents through analysis of the data of the KNOW-CKD study.
Results
Clinical characteristics of the study population. Table 1 shows a summary of the clinical characteristics of the enrolled patients, for all subjects and the quartile groups. The median duration of follow-up was 2.12 [interquartile range, 1.02:3.81] years. The mean ages at the time of enrollment were 56 years and 53 years for male and female patients, respectively, and 38.5% of the patients were female. The mean serum uric acid level was 7.01 ± 1.91 mg/dl, and the mean estimated glomerular filtration rate (eGFR) was 52.8 ml/min per 1.73 m 2 . Participants with higher uric acid levels were more likely to be male, had a higher prevalence of diabetes (DM) (p = 0.002), and tended to take more uric acid-altering medications, including thiazide or loop diuretics, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), allopurinol, and febuxostat medications ( Table 1 ). The patients with higher uric acid levels had lower eGFR (p < 0.001). Figure 1 presents their correlation. Table 2 ). Figure 2 shows a linear relationship between renal outcome and uric acid levels. subgroup analysis. The HRs (95% CIs) of sex-specific Cox proportional hazard model were 1.164 (1.072-1.265) in men and 1.175 (1.050-1.315) in women. Regardless of sex, serum uric acid levels had a major influence on the composite renal outcome ( Table 2 ). The HRs for the subcategories of composite renal outcome, initiation of dialysis or kidney transplantation or a twofold increase in baseline serum creatinine or 50% decline of estimated glomerular filtration rate during the follow-up period were analyzed. Table 2 shows the results of multivariable adjusted Cox proportional hazard model. Serum uric acid level was not an independent risk factor for the doubling of creatinine or a half decline of eGFR. However, a strong association was found between serum uric acid level and the initiation of dialysis or kidney transplantation (HR, 1.535; 95% CI, 1.314-1.793; p < 0.001).
The effects of uric acid-lowering agents such as febuxostat and allopurinol on composite renal outcome were analyzed. Propensity score matching analysis was performed because significant differences were observed in the number of patients and clinical characteristics in the medication-and non-treated groups. The variables used as covariates were as follows: age, sex, eGFR, presence of diabetes mellitus, mean arterial blood pressure for hypertension, serum albumin and proteinuria. Matching using optimal matching method was conducted, and the standardized difference of covariates was reviewed. The standardized difference of all covariates was below 0.1. In the matching process, the missing values were excluded. Before matching, 295 patients were treated with allopurinol and 108 were treated with febuxostat. After matching, the numbers of allopurinol-and febuxostat-treated patients were 281 and 99, respectively. The characteristics of allopurinol and febuxostat groups were uniformly controlled, but the Kaplan-Meier curve with log rank test did not show any statistical significance in both groups (Fig. 3) . Tables 3 and 4 summarizes the before and after result of propensity score matching analysis.
Discussion
Uric acid has been suggested to correlate with various diseases since the 19th century 15 . However, unlike other known risk factors, it is not recognized as an independent risk factor in previous studies. In the case of CKD, renal excretion of uric acid is decreased, resulting in hyperuricemia. It is thought that the interstitial accumulation of sodium urate induces the deterioration of the disease. However, contrary evidence has been suggested, and the causal relationship between uric acid and renal disease has been controversial 16 . Recently, uric acid has been recognized as an independent risk factor and the role of various uric acids has been reconsidered.
Uric acid has varying biological actions 17 . It has antioxidant effects in the extracellular environment 18 , which play an important role in neurologic diseases 19, 20 . In addition, uric acid has been identified to have effects on the immune system and proinflammatory pathways. In immune response, uric acid may aid in the recognition of apoptotic cells by dendritic cells and in the activation of CD8 cells 21 . A high intracellular uric acid concentration facilitates protein kinase and transcription of proinflammatory cytokines and chemokines and provokes proximal www.nature.com/scientificreports www.nature.com/scientificreports/ tubular dysfunction with the release of inflammatory chemokines [22] [23] [24] . Likewise, its function is linked to various systems related to the kidneys.
In a recent study, the density and fractal dimension of the tubule through fractal analysis showed a strong positive correlation with eGFR 25 . Uric acid showed a negative correlation, and the authors suggested that it may Table 2 . Cox proportional hazard ratio model for hyperuricemia and composite renal outcome in all subjects by uric acid level and quartiles of uric acid. Note: CKD progression is adjusted for calcium, creatinine, total CO 2 , hemoglobin, uric acid, phosphate, and urine protein-creatinine ratio. Initiation of dialysis or transplantation is adjusted for age, sex, calcium, creatinine, total CO 2 , total cholesterol, low-density lipid, high-density lipid, triglyceride, hemoglobin, uric acid, phosphate, and urine protein-creatinine ratio. Abbreviations: HR, hazard ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate. www.nature.com/scientificreports www.nature.com/scientificreports/ be a predictive factor for assessing nephron integrity. Including this study, several studies have been conducted to determine whether uric acid is a risk factor of CKD. However, as mentioned above, the role of hyperuricemia in CKD progression still remains controversial [8] [9] [10] [12] [13] [14] .
In the current study, serum uric acid concentration tended to be higher when baseline eGFR was lower (Fig. 1) . As expected, this correlation was caused by impaired renal excretion of serum uric acid by a decrease in eGFR. This suggests that patients with renal impairment are more likely to be exposed to higher uric acid concentrations, which means that the multisystem effect of uric acid can be further strengthened. Our study demonstrated that high uric acid was associated with poor renal outcome, and a strong correlation was found between higher uric acid concentrations and the risk associated with initiation of dialysis or kidney transplantation. However, it did not show sufficient statistical significance for 50% decline of eGFR or doubling of baseline creatinine. This result may be caused by an increase in the proportion of patients with higher serum uric acid levels due to progression of CKD (Fig. 4) .
There is still debate on the use of uric acid-lowering agents in hyperuricemia. The uric acid-lowering agents can be classified as direct-acting and indirect-acting agents. Direct-acing agents include allopurinol, febuxostat, and rasburicase, and indirect-acting agents include canagliflozain, losartan, fenofibrate, and sevelamer. In general, allopurinol and febuxostat are the most commonly used drugs in hyperuricemia. Febuxostat is a selective inhibitor of non-purine xanthine oxidase. Allopurinol has lower affinity for xanthine oxidase and xanthine dehydrogenase than febuxostat 26 . Therefore, higher doses of allopurinol are necessary to maintain the efficacy of the medication than those of febuxostat. In addition, febuxostat is structurally different from allopurinol. Since febuxostat is structurally different from the purine or pyridine series, it does not have a major effect on purine and pyrimidine metabolism. Additionally, severe adverse effects, such as idiosyncratic allergic reaction, are less likely to occur with febuxostat than with allopurinol. However, febuxostat is more expensive, and the clinician chooses a drug according to the patient's economic situation. Also, the effect of uric acid-lowering agents on renal outcome has been the topic of several debates. Animal studies showed renoprotective effects of uric acid-lowering agents 27 . However, to date, the effects of uric acid-lowering agents in primary or secondary prevention of renal disease in humans are not fully elucidated 28, 29 . In addition, studies examining the differences between uric acid-lowering agents such as allopurinol and febuxostat are very limited. Febuxostat blocks urate production and reduces both intra-and extracellular uric acid concentrations. It may slow the progression of CKD by lowering the serum uric acid concentrations, which reduces oxidative stress and suppression of the endothelial dysfunction and tubular injury through xanthine oxidase inhibition 30, 31 . Treatment with febuxostat may prevent glomerular hypertension, afferent arteriolar thickening, and ischemic renal histologic changes and ameliorate renal damage 32 . The renoprotective effect of febuxostat might be expressed by these mechanisms which are modifiable factors for the CKD progression.
We analyzed the effect of uric acid-lowering agent through propensity score matching analysis to minimize the influence of confound variables as much as possible, because this study was not a prospective study. The higher uric acid level of the allopurinol-treated group than the target goal of uric acid level for CKD in both before and after matching was observed. A rare but serious hypersensitivity reaction has been associated with allopurinol, and this reaction is idiosyncratic and unpredictable. For this reason, patients receiving allopurinol tend to be relatively underdosed compared with patients receiving other uric acid-lowering agents, and insufficient titration of allopurinol is often observed 31 . Febuxostat tends to cause fewer side effects and may not require drug dose adjustment according to renal function. In addition, it is more potent than allopurinol and could easily reach the target level of serum uric acid. Although only a few large randomized controlled trials have been conducted, other studies have reported that febuxostat efficacy is better than allopurinol. Chou et al. 33 demonstrated that febuxostat and benzbromarone may be more effective than allopurinol in reducing CKD progression and in lowering serum uric acid levels in patients with CKD. Sezai et al. 34, 35 , in a study of hyperuricemic patients with cardiac surgery with or without chronic kidney disease, reported that febuxostat is superior to allopurinol in suppressing serum Table 4 . Propensity score matching analysis for the febuxostat-treated group. Abbreviations: MBP, mean arterial blood pressure, eGFR, estimated glomerular filtration rat. www.nature.com/scientificreports www.nature.com/scientificreports/ uric acid levels and protecting renal function. Apart from drug efficacy, the use of uric acid-lowering agents did not have any beneficial effects against progression of CKD in the current study (Fig. 3) . Propensity score matching was performed appropriately, but allopurinol-and febuxostat-treated groups did not yield a statistically significant outcome. This result is similar to that of the recent FEATHER study, a randomized controlled trial in which febuxostat failed to mitigate CKD progression 36 . However, since the FEATHER study was performed only on patients with stage 3 CKD, this result should be interpreted with caution. In this study, baseline characteristics showed a large difference, and some variables were suggested to act as confounders. For example, sex, age, and baseline uric acid levels were significantly different. In addition, several factors were related to hyperuricemia such as food and medicines. However, due to the limitation of data, these aspects are not fully reflected in this analysis. Additionally, the number of drug-taking patients is smaller than the total number of hyperuricemia patients. Therefore, we could not establish the statistical significance in this study. Further studies are needed to demonstrate the effects of uric acid-lowering agents on CKD progression in patients with all stages of CKD.
This survey has some limitations worth noting. First, although the KNOW-CKD study is planned as a prospective observational study, these results are from an initial cross-sectional study. As the KNOW-CKD study is still in progress, if follow-up data of uric acid levels were sufficient, we could have conducted better analysis of the correlation between renal outcome and uric acid. Second, the previous history of medication for only 1 month before the study was investigated. Therefore, the exact period of taking uric acid-lowering agents was not known. The influence of uric acid-lowering agents on the kidneys, not through the serum uric acid levels, is also a topic of great interest. Moreover, information on the duration of drug use was very limited, and there was a limit to the analysis of the direct or indirect effects of uric acid-lowering agents on the kidneys. Third, information on foods that can affect serum levels of uric acid was not available. Serum uric acid levels are known to be influenced by food. If information on dietary habits is analyzed together, we can deduce better conclusions. Despite these limitations, our study demonstrated the effect of hyperuricemia on renal outcome in pre-dialysis CKD patients. Well-designed randomized controlled trials on the exact impact of uric acid-lowering agents on CKD progression are necessary in the future. Data collection and survey instruments. Demographics and laboratory data of baseline were searched by electronic data management system (PhactaX, Seoul, Republic of Korea) with the help of data management department of Seoul National University Medical Research Collaborative Center. Demographic data, including age, sex, comorbid diseases, blood pressure, previous history of medication within 1 month, height, and weight, were collected. Initial laboratory measurements included the following items: hemoglobin, albumin, creatinine, uric acid, total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), high sensitivity C-reactive protein (hs-CRP), calcium, inorganic phosphate, total CO2, hemoglobin A1c (HbA1c), and urinary protein-to-creatinine ratio. All these venous blood samples were collected after an overnight fast. First-voided urine was used for measurement of spot urinary metrics, such as protein and creatinine. All samples prior to May 1, 2013 were retrospectively analyzed using the samples stored in the Biobank. From May 1, 2013, samples were collected from each institution and measured in real time for samples transferred to the central laboratory. A medication history of one month before enrollment in this study was recorded. The history of the drug included diuretics such as furosemide, thiazide, and spironolactone, allopurinol, febuxostat, ACE inhibitor, and ARB.
Definition. Hyperuricemia was defined as a plasma uric acid level >7.0 mg/dL by Japanese guideline 38 . Serum creatinine was measured using traceable isotope-dilution mass spectrometry method. The estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation 39 . Composite renal outcome, so-called CKD progression, was defined as one or more of the following: initiation of dialysis or kidney transplantation, a twofold increase in baseline serum creatinine, or 50% decline of estimated glomerular filtration rate (eGFR) during the follow-up period. statistical analysis. The enrolled patients were classified as quartiles based on serum uric acid levels.
Among the continuous variables, normal distribution data were expressed as mean with standard deviation, and skewed data were described as median with interquartile range. The Shapiro-Wilk normality test was used for normality test. Description of categorical variables was presented in the number of participants (percentage).
www.nature.com/scientificreports www.nature.com/scientificreports/ One-way analysis of variance was used for normal distributed data, and the Kruskal-Wallis test was used for skewed data to identify the differences and compare clinical characteristics between the groups. The CochranArmitage trend test was conducted for categorical variables. Cox proportional hazard regression model was applied to survey the independent risk factors associated with composite renal outcome. Statistically significant variables were identified through backward elimination; then, the multivariable Cox proportional hazard regression model was adjusted for these items by the enter method. HR and 95% CI were calculated to compare the risk of composite renal outcome. To access the mutual influence between variables, collinearity diagnosis was conducted. A propensity score matching analysis was used to evaluate the effect of uric acid-lowering agents on composite renal outcome between the uric acid-lowering agent-treated and the non-treated groups. For propensity score matching analysis, 'MatchIt' packages in R language were used 40 , and the standardized difference was reviewed before and after matching. Whether the covariance was corrected properly was confirmed 41 . Data were analyzed using SPSS version 20 for Windows (IBM Corp., Armonk, NY, USA) and R language (version 3.4.4; R Foundation for Statistical Computing) 42 . P-values < 0.05 were considered statistically significant.
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